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Abstract: Structural failures (bridge or building collapses) and geohazards (landslides, ground 15 
subsidence or earthquakes) are worldwide problems that often lead to significant economic and loss of 16 
life. Monitoring the deformation of both natural phenomena and man-made structures is a major key to 17 
assessing structural dynamic responses. Actually, this monitoring process is under real-time demand for 18 
developing warning and alert systems. 19 
One of the most used techniques for real-time deformation monitoring is the Global Navigation Satellite 20 
System (GNSS) real-time procedure, where the relative positioning approach, using a well-known 21 
reference station, has been applied. 22 
This study was conducted to evaluate the actual quality of the real-time kinematic Precise Point 23 
Positioning (PPP) GNSS solution for deformation monitoring, where it can be concluded that a promise 24 
tool is under development and should be taken into account on actual and near future real-time 25 
deformation monitoring studies and applications. 26 
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1. Introduction 4 
 5 
With the development of design technology, the volume of construction materials is decreasing, 6 
and structures are gaining economic and aesthetic advantages. Most of those civil structures (high-rise 7 
buildings, suspension bridges, off-shores structures or dams), however, are constantly exposed to diverse 8 
natural and environmental conditions, including strong winds, landslides, ground subsidence, 9 
earthquakes, or tsunamis and are therefore exposed to structural failures. Abnormal ultimate loading may 10 
even cause structures to collapse, leading to significant economic and loss of life. Therefore, it is 11 
important to monitor and evaluate the deformations of man-made structures and also, natural phenomena. 12 
By implementing a real-time monitoring system, one can prevent dangerous scenarios possibly 13 
affecting the construction with significantly reduced costs compared to the total investment (in the case of 14 
the potential loss of the structure). In this sense, currently, important steps are being made for the 15 
development of permanent real-time monitoring systems with alarm triggering capabilities and innovative 16 
concepts for sensors and methods. 17 
In previous years, after the pioneering studies of [1-4], who used GPS to structural monitoring of 18 
major engineering structures, and of [5-6], who assessed the potential of this technique using 19 
independence evidence, GPS appears to be a promising solution for the study and monitoring of dynamic 20 
displacements and deformations of tall structures [7-9], bridges [10-13] or dams [14-16]. The primary 21 
advantage of GPS technology represents the possibility of directly measuring the displacements of a 22 
structure with respect to an absolute reference frame; therefore, permanent displacements can be 23 
identified in a continuous and automatic way in all weather conditions with easy equipment installation. 24 
 3 
The decreasing cost of GPS hardware in combination with the increased reliability of the 1 
technology also facilitates such demanding applications, where can be included the monitoring of active 2 
volcanoes [17-18], tectonic fault lines [19-20], seismic activity [21-23], and landslides [24-27]. 3 
To achieve high levels of accuracy, a single GPS receiver is not sufficient; instead, GPS units 4 
must be deployed in pairs (or within a network), performing measurements with common satellites and 5 
operating in differential mode. One unit should be installed on the structure with motions that are of 6 
interest, called rover, and a second unit on a stationary place serving as the reference station. The baseline 7 
vector between the two stations is estimated, and common error sources are reduced or even eliminated. 8 
This estimation can be performed in post-processing or in real-time when the error signal from the base 9 
can be transmitted to the rover through any suitable link, which is the so-called Real Time Kinematic 10 
(RTK). 11 
For civil structures, mostly located in population areas, the reference antenna must typically be 12 
placed in a stable area with a sufficient sky view to avoid multi-path effects. Such a place could be 13 
difficult to find: on one hand, in the case of strong earthquakes, for example, the reference station may 14 
also be displaced, such that stable areas in an absolute sense do not exist, and on the other hand, the 15 
typical structure of a city is full of urban canyon environments such that a poor sky view is used (the idea 16 
to place the reference station far away from the rover station may result in a degraded solution due to the 17 
increased baseline length). Network RTK or Virtual Reference System (VRS) concept can overcome 18 
many of these problems, as the monitoring is not dependent on a particular reference station, but such 19 
infrastructure is not available in all cases. 20 
However, this differential procedure is very costly because it relies entirely on the use of, at 21 
least, two high-quality dual-frequency receivers. To keep the cost of such a deformation monitoring 22 
system to a minimum, only one GPS receiver need to be used.  23 
The use of Precise Point Positioning (PPP) can solve those limitations. PPP has recently become 24 
an important GNSS research technique due to its reduced cost compared with the typical RTK technique. 25 
Because PPP only uses a stand-alone dual frequency receiver, no base station is required [28-29]. PPP 26 
introduces a wide variety of potential applications both in static and kinematic environments. High-27 
 4 
accuracy (decimetre to centimetre) positioning and/or navigation can be computed worldwide in an 1 
absolute coordinate reference frame, and its other applications include plate tectonics studies, resource 2 
management in remote areas, aerial photogrammetry and sea-level measurement [30-34]. Therefore, the 3 
main novelty of the present research is the analysis of the real-time kinematic PPP potential and the 4 
possibility of use the technique for the continuous monitoring of structures. 5 
 6 
2. Functional model for PPP technique 7 
 8 
 The undifferenced observation equations for code and carrier phase measurements are related to 9 
the user position, clock, troposphere, ionosphere, and ambiguity parameters according to the following 10 
simplified observation equations [35, 36]: 11 
 12 
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where P(Li) is the measured pseudo-range on  Li frequency (m); (Li) is the measured carrier phase on Li 14 
(m); ρ is the geometric range (m); c is the speed of light (m/s); dt is the satellite clock bias respect to GPS 15 
time (s); dT is the receiver clock bias respect to the GPS time (s); dTrop is the tropospheric bias (m); dIon/Li 16 
is the ionosphere bias on Li (m); i is the carrier wavelength on Li (m); Ni is the integer phase ambiguity 17 
on Li (cycles); P represents all remaining biases including the measurement noise and multipath effect in 18 
pseudo-range on Li (m) and  represents all remaining biases including the measurement noise and 19 
multipath effect in carrier phase on Li (m). 20 
Finally: 21 
 22 
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where (XS, YS, ZS) is the satellite position and (X, Y, Z) is the receiver position. 24 
 5 
 Based on the above fundamental observation equations, the ionosphere-free code (P(LIF)) and 1 
carrier phase ((LIF)) combinations can be formed as follows: 2 
 3 
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where f1 and f2 are the GPS frequencies on L1 and L2 (Hz) respectively and 
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ionosphere-free ambiguity term. 6 
 These equations are typically used as a traditional functional model for Point Positioning 7 
technique as they can eliminate the ionosphere delay. It should be noted that the ionosphere-free 8 
ambiguity term is no longer an integer number, and hence treated as float number. 9 
 To transform Point Positioning to PPP, high-accuracy satellite coordinates and satellite clock 10 
bias are needed. Therefore, the best approach to solve these equations is to use a post-processing mode 11 
with International GNSS Service (IGS) final orbit and clock files [37-38], which are freely available for 12 
public use. However, these products are made available to the user with significant lag times or latencies, 13 
ranging from three hours for Ultra Rapid, 17 hours for Rapid, and 13 days for Final products. In recent 14 
years, the accuracy of IGS orbit and clock products has improved drastically [37]: the orbit accuracy of 15 
the predicted IGU products (IGS ultra-rapid products, which are the basis for the real-time products) is 16 
better than 5 cm, and the real-time estimated and short-term predicted clock accuracies are approximately 17 
0.1 ns [37]. 18 
 Finally, to achieve the highest PPP positioning accuracy, error sources such as phase wind-up, 19 
antenna phase offset and variation at the satellite and receiver, solid Earth tide, Ocean loading, Pole tide, 20 
Relativistic corrections and code and carrier phase biases are modelled [29]. 21 
 22 
 23 
 6 
3. Real-Time PPP 1 
 2 
In 2001, IGS began a pilot project for real-time activities. The objectives were to develop and 3 
maintain a real-time tracking network and the computation and dissemination of real-time observations 4 
and orbit and clock correction products derived from these stations to real-time users. Currently, great 5 
efforts are being undertaken to achieve the objectives by many of the analysis centers to make real-time 6 
PPP a real and competitive option for GNSS users [40-41].  7 
Another important objective of IGS is the development and maintenance of standards and 8 
formats for GNSS data and products. To achieve this objective for real-time GNSS, the IGS joined the 9 
Radio Technical Commission for Marine Services Special Committee 104 (RTCM-SC104) in 2008. The 10 
IGS real-time project adopted the RTCM-3 format for GPS observation messages and, in May 2011, the 11 
RTCM-State Space Representation (RTCM-SSR) format for orbit and clock correction messages. These 12 
products use the Network Transport of RTCM by Internet Protocol (NTRIP) for internal operations and to 13 
deliver real-time products to their user communities. More detailed information regarding NTRIP was 14 
described in [42]. Users must use an NTRIP client application to establish a communication link with the 15 
data center that hosts the products of interest. Fortunately, open source software is available for this 16 
purpose; the BKG NTRIP client (BNC) [43] or the RTKLIB [44] may be freely used. 17 
The precise orbit and clock correction products in RTCM format, which must be applied to the 18 
broadcast ephemeris [45], are provided by different analysis centers contributing to the IGS Real-Time 19 
Pilot Project (BKG, 2012), but since April 2013, the Real-Time Service (RTS) has become the official 20 
service of the IGS for real-time orbit and clock correction products [46]. IGS-RTS provides corrections to 21 
broadcast satellites orbits and clocks based on the combination of the different analysis centers products. 22 
Currently available are the IGS01 product, which is a single-epoch combination solution, the IGS02, a 23 
kalman filter combination product, and the experimental IGS03, a kalman filter combination for GPS and 24 
GLONASS satellites. 25 
 7 
The quality of the real-time products is lower than the quality of the IGS final products, possibly 1 
decreasing the accuracy of the real-time PPP results, [47-48]. Due to the lack of extensive documentation 2 
regarding real-time PPP results and experimentation, a secondary objective of this study is to contribute 3 
to the understanding of real-time PPP processing by adding and analysing new results. Specifically, 4 
kinematic real-time PPP results are added, where the kinematic results from IGS permanent stations can 5 
be compared with those presented in [39, 49-50]. 6 
[39] Used a 1 Hz GPS satellite clock estimation approach based on data from 40 IGS stations. 7 
An accuracy validation test showed an agreement with the IGS final clock at the 0.1-0.2 ns level. The 8 
application of real-time PPP simulation experiments to IGS stations exhibited an accuracy of 10 cm in the 9 
horizontal component and 20 cm in the vertical component following a short initialisation period (the PPP 10 
solution was compared using the final IGS products). 11 
[49] Obtained three months of L1-frequency data from seven permanent IGS stations at the TU 12 
DELFT GNSS observatory to estimate the real-time, single-frequency performance. The datasets were 13 
post-processed using real-time products available at the time of observation. The Real-Time Single-14 
Frequency PPP (RT SF-PPP) software programme, which was developed at Delft University of 15 
Technology, was used to analyse the kinematic behaviour of the stations. The empirical standard 16 
deviations of the positional errors in the northern and eastern directions were approximately 0.15 m and 17 
approximately 0.30 m for the upward direction (0.30 m and 0.65 m, respectively, when considering 95% 18 
error). 19 
Finally, [50] used eight U.S. permanent stations for kinematic real-time PPP experiments. The 20 
precision after convergence of approximately one hour for the dual-frequency experiment was at the sub-21 
decimetre level. 22 
Based on these published results and those obtained in the current study, the accuracy of the real-23 
time PPP technique are demonstrated to benefit many of the previously mentioned applications. 24 
 25 
 26 
 8 
4. RETICLE Real-Time Products and BNC software 1 
 2 
In this study, satellite clock and orbit estimates were obtained from the REal-TIme CLock 3 
Estimation (RETICLE) service, which was developed at the German Space Operations Center of the 4 
German Aerospace Center (GSOC/DLR). RETICLE was used, rather than IGS products, because the 5 
experiments with the permanent stations were performed in 2012, at which time IGS-RTS was not the 6 
official service; furthermore, the first experiments performed by the authors of this manuscript with IGS 7 
mountpoints did not produce better results than those obtained with RETICLE products in terms of 8 
latency, gaps, outliers, accuracy and convergence time, probably because IGS is a combined product 9 
while RETICLE is a product from a single analysis center. A recent analysis of these IGS products, [46], 10 
[51], reported interruptions in data transmission, as well as outliers and gaps of several minutes. An 11 
example of the low accuracy and converge time of IGS product in comparison with the RETICLE product 12 
will be seen in the section 5.3 of this manuscript. 13 
The GSOC/DLR service computes clock and orbit corrections for the entire GPS constellation in 14 
real-time based on a worldwide network of reference stations (currently 37 stations). The standard 15 
deviations of the clock differences between the final IGS products and the real-time clock were less than 16 
0.4 nanoseconds, and the latency was only 2-3 seconds, according to [52-53]. In this context, latency 17 
should be understood as the lapse of time ranging from the computation of the products and the arrival to 18 
the computer where the experiment is performed. A dedicated caster hosted the real-time streams, which 19 
transmitted the orbit and clocks in different formats. This study used a binary data stream, consisting of 20 
the SSR messages in RTCM-3 format accessed via NTRIP streams. The specific mountpoint used was 21 
CLK20. 22 
The BNC software provided freely by the German Federal Agency for Cartography and Geodesy 23 
(BKG) can be used to generate real-time PPP results using the SSR orbit and clock correction messages 24 
together with the iono-free code and phase observations [54]. 25 
 9 
The SSR messages do not include local station effects (like solid Earth tides), satellite specific 1 
errors (like phase wind-up), or atmospheric effects (like troposphere delay), so any PPP software should 2 
provide these corrections. BNC software includes outlier and cycle slip detection and solid Earth tides 3 
and phase wind-up corrections, but satellite antenna and receiver phase center variations, rotational 4 
deformation due to polar motion and Ocean and atmospheric loading are not included. Satellite antenna 5 
phase center offsets are not corrected because applied orbit/clock corrections are referred to the satellite’s 6 
antenna phase center. Finally observations can be corrected for a receiver antenna phase center offset 7 
between receiver’s antenna phase center and receiver’s antenna reference point. 8 
The experiments developed in this research were performed using BNC v2.6 software package, 9 
and the processing BNC setup is fixed to default sigma values for code and phase observations, 10 and 10 
0.02 meters respectively, and the estimation of troposphere parameters, 0.1 meter.  IGS08.atx file is used 11 
for receiver antenna phase center offsets and no GLONASS satellites were used. 12 
 13 
5. Real-Time Kinematic PPP results 14 
 15 
5.1. Kinematic solutions at fixed sites 16 
 17 
The BNC v2.6 software package was used to process daily observation files from ten permanent 18 
IGS stations (ADIS, AZU1, CONZ, HERT, REYK, THTI, TOW2, ULAB, UNB3 and USNO), as shown 19 
in Figure 1. The properties and locations of the selected receivers in the IGS network are listed in Table 1. 20 
The stations were selected based on their locations to obtain a balanced geographical sample. The 21 
antennas are positioned such that they could clearly view the sky, thus eliminating any obstructed satellite 22 
signals or multi-path effects.  23 
Twenty-four hours of continuous, real-time PPP kinematic determination were computed and 24 
recorded at each IGS station on two different days of year 2012. The dual-frequency phase and code data, 25 
received at 1-second intervals with a mean latency of four seconds, joined with the CLK20 satellite clock 26 
 10 
and orbit RTCM-SSR messages, received with a mean latency of seven seconds, were processed to form 1 
the real-time kinematic PPP solution. The latency of the phase and code data are related to the lapse in 2 
time ranging from the real-time observations in the sites and the arrival to the computer where the 3 
experiment is performed.  The latency of the RTCM-SSR messages is the lapse in time ranging from the 4 
formation of the messages, and the application to the receiver observations in the computer where the 5 
experiment is performed. This latency values are different because the observations are directly transfer to 6 
the internet connection and the RTCM-SSR messages needs a computational formed process after they 7 
can be transferred.   8 
The conclusions are based on the analysis of two complete days of real-time observations for 9 
which no data gaps and outliers were found in the results; therefore, it was necessary to eliminate data 10 
files prior to obtaining two complete and accurate files for every IGS station. 11 
As a measure of accuracy, the coordinate bias was obtained by comparing the kinematic PPP 12 
solution for each epoch with the weekly official IGS coordinates as a reference. As an example, Figure 2a 13 
shows the bias for the HERT permanent station on September 25, 2012, and Figure 2b the standard 14 
deviation in the calculation of the kinematic real-time PPP coordinates.  15 
After the analysis of the results (24 hours RINEX observation files at ten permanent stations on 16 
two different days, that is, 20 different experiments), the average mean and standard deviation of the bias 17 
for the kinematic PPP solution, are summarized in the first two rows of Table 2 (they can be viewed as a 18 
measure of the accuracy), the last row of Table 2 is the average mean of the standard deviation in the 19 
calculation of the kinematic real-time PPP (RT-PPP) coordinates  (which can be viewed as a measure of 20 
the precision). 21 
Based on Table 2 and the analysis performed, it can be concluded that the average initialisation 22 
time for the kinematic RT-PPP solution to give results below 0.20-0.25 m of standard deviation in the 23 
coordinate calculation was found to be 15-20 minutes. One hour is the mean value, considering a 95% of 24 
significant level, for the convergence time considering that, after one hour, BNC was stable within 0.05-25 
0.10 m in the horizontal bias and 0.10-0.15 m in the vertical bias. 26 
 27 
 11 
5.2. Testing in a kinematic environment: Car trajectory 1 
 2 
To check the limitation of the kinematic real-time PPP technique, a pure kinematic experiment 3 
was performed. 4 
The kinematic PPP is vulnerable to data-quality issues. Kinematic files are clearly noisier than 5 
the IGS datasets from reference stations. These kinematic observational data represent a more realistic 6 
scenario than the IGS datasets because a GNSS antenna mounted on a vehicle is strongly susceptible to 7 
multipath problems and signal loss due to vehicle dynamics and obstructions (in an urban canyon 8 
environment, for example). Such signal loss is currently the primary problem with kinematic PPP use 9 
because the system must be re-initialised to resolve the ionosphere-free ambiguity term again. 10 
On June 15, 2012, data for kinematic real-time PPP were processed for a car trajectory close to 11 
the Technical University of Valencia, Figure 3. In this location, the streets are wide enough to permit a 12 
strong GNSS signal and reduce multipath problems; the average speed of the car was 50 km/h. The 13 
antenna was mounted on the roof of the car attached with a magnet. The update rate was 1 second for the 14 
code and phase observations. There is not latency in the phase and code observations as they were 15 
directly sent to the computer, and the latency of the RTCM-SSR messages were 10-15 seconds. A period 16 
of twenty minutes of observations, with the car stopped prior to starting the trajectory, was considered to 17 
be the initialisation time according to the average initialisation time concluded in the static experiment 18 
(results under 0.20 m of standard deviation in the calculation of the coordinates). In addition to the dual-19 
frequency GPS receiver in the car (Trimble R8 with TRMR8_GNSS antenna connected to a laptop), a 20 
second dual-frequency GPS receiver (Trimble NETRS with TRM29659.00 antenna) was present at a 21 
fixed, precisely known location: the EPN (EUREF Permanent Network) station VALE, Figure 3. The 22 
fixed site and the rover were never located more than 5 km from each other. Thus, it was possible to 23 
obtain precise, short baseline solutions for the rover receiver (mean deviation under 2 cm for the 24 
horizontal coordinates calculation and under 3 cm for the vertical coordinate calculation). The resulting 25 
relative, differential post-process trajectory was computed and used as the “real” trajectory, and the 26 
 12 
kinematic real-time PPP solutions were compared to these to obtain the coordinate bias plotted in Figure 1 
4a. In Figure 4b, the standard deviation in the calculation of the RT-PPP kinematic coordinates can be 2 
seen.  3 
The first two rows of Table 3 show the average values for the statistics (mean and standard 4 
deviation) of the coordinate bias for the real-time BNC solutions (as a measure of the accuracy), and the 5 
last row of Table 3 is the average mean of the standard deviation in the calculation of the RT-PPP 6 
kinematic coordinates (as a measure of precision). 7 
Based on Table 3, it can be concluded that BNC was stable within 0.15-0.20 m for the bias 8 
horizontal components and 0.25-0.30 m for the bias vertical component, considering a 95% of 9 
significance level. As is expected, these results are bigger than those obtained in the fixed reference 10 
stations, but the RT-PPP kinematic solutions have been found to keep stable even in a pure dynamic 11 
environment. 12 
 13 
5.3. Displacement monitoring test 14 
 15 
 The last experiment was conducted to check the possibilities of real-time kinematic PPP to 16 
monitor displacements of a receiver in a deformation context. 17 
The rover GPS receiver (the same as used in the car test) was located on the top of a building 18 
inside the campus of the Technical University of Valencia, close to the VALE EUREF permanent station, 19 
as shown in Figure 5a and Figure 5b. 20 
The data for the kinematic real-time PPP measurement were collected and processed using BNC 21 
software at 1-second intervals. In this experiment there is not latency in the phase and code observations 22 
as they were directly sent to the computer, and the latency of the RTCM-SSR messages were 10-15 23 
seconds. 24 
The vertical test was performed on April 2, 2014. Three hours of continuous observations with 25 
the rover in a static position were performed on the origin of a local coordinate reference frame, 26 
 13 
materialized by the receiver initial position, to obtain a good convergence initial solution; after that, down 1 
vertical movement of the rover receiver was carried out. This displacement was manually introduced 2 
during approximately one minute. The total displacement was fixed to 0.3 m, which is the vertical STD of 3 
the bias obtained for the kinematic environment test, this movement was measured using the telescopic 4 
pole where the antenna was mounted. After twenty minutes of observations on that new static position, a 5 
new vertical movement in the up direction was manually introduced (about one minute for the total 0.3 m 6 
displacement again), and after another period of observations with no movement of the rover receiver 7 
(twenty minutes again), the observation ended. Figure 5a shows the position of the rover station fixed at a 8 
telescopic tripod, and the movements performed during the test. Figure 5b shows the zenith view of the 9 
rover and VALE stations.  10 
As can be seen in Figure 5b, only the part of the building with the VALE site on top can produce 11 
multipath. This wall can be seen also in Figure 5a. All the other constructed elements around the antenna 12 
are under the cut angle of 10 degrees. So no strong multipath effect is expected. In order to confirm this 13 
conclusion, the vertical and horizontal RINEX observation files were post-process with software 14 
MagicGNSS, from GMV company [55] and software CSRS-PPP, from Natural Resources Canada [56], 15 
which belong to the on-line service Precise Point Positioning Center [57]. The residuals for the vertical 16 
and horizontal experiments were at 0.02 m level for the phase iono-free observations in both software 17 
tools, which is the expected error for the iono-free combination of the phase observations. So it can be 18 
concluded that no strong multipath effect is reflected on the results. 19 
Figure 6a shows the results of the experiment, where the differences on N (North), E (East) and 20 
up coordinates are plotted respect to the center of the local reference frame. As seen (and as a measure of 21 
the accuracy), after 1 hour of observation, a constant convergence solution in the range of ±0.07 m for the 22 
horizontal component and ±0.10 m for the vertical component were obtained (similar to those obtained 23 
for the IGS permanent stations test, Table 2). The first vertical movement had a mean observed value of 24 
0.322 m with no noticeable movement in the N-S or W-E direction. The second vertical movement had 25 
mean observed value of 0.318 m with no noticeable horizontal movement again. The obtained results are 26 
within the accuracy threshold of the technique, if they are compared with those obtained at the permanent 27 
 14 
IGS stations and the kinematic test. Figure 6b shows the standard deviation in the calculation of the RT-1 
PPP kinematic coordinates for every epoch. After 1 hour of continuous observations, the N component is 2 
under 1 cm, the E component under 2 cm, and the up component under 4 cm. The average mean of the 3 
standard deviation in the calculation of the RT-PPP kinematic coordinates can be seen in Table 4 (as a 4 
measure of precision). 5 
The real-time kinematic PPP observations and results of the VALE EUREF permanent station 6 
were performed during the test with a remote connection, where two different BNC configurations, one 7 
using IGS02 mountpoint and the other one using CLK20 mountpoint, were used. Figure 7 is the plot for 8 
the bias of the IGS02 solution (difference between the RT-PPP kinematic coordinates computed every 9 
epoch and the fix coordinates of the permanent station), and Figure 8 is the plot for the bias of the CLK20 10 
solution. It can be observed that CLK20 offers better performance than IGS02, as the previously 11 
experiments performed by the authors of this manuscript mentioned in section 4 and [46] and [51] 12 
reported. Table 5 presents the mean value of the standard deviation in the calculation of the bias and 13 
Table 6 the mean value of the standard deviation in the calculation of the RT-PPP kinematic coordinates. 14 
As can be seen, the standard deviation of the bias for N, E and Up components was reduced near a 60-15 
70% when CLK20 is used in comparison with IGS02. The mean standard deviation in the RT-PPP 16 
kinematic coordinates is maintained more or less the same between IGS02 and CLK20 products. 17 
Finally, as in the car experiment, the precise short baselines solutions for the rover receiver from 18 
the VALE fixed site were performed. The mean horizontal deviation of this differential solution is under 19 
0.01 meters and for the vertical component under 0.015 meters. Figure 9 shows the differences on N, E 20 
and Up coordinates respect to the center of the local reference frame. As is expected, there was no initial 21 
convergence time, the bias of the components were lower than those presented in the RT-PPP results, and 22 
the vertical movement had less noise and was close to the fixed 0.30 meters movement. 23 
The horizontal test was performed on March 26, 2014 in the same place and with the same GPS 24 
antennas and the same configurations. First of all, three hours of continuous observations with the rover 25 
in a static position were performed on the origin of a local coordinate reference frame to obtain a good 26 
convergence initial solution; after that, a manually introduced horizontal displacement of the rover was 27 
 15 
carried out in a North-South direction approximately. This displacement was introduced during 1 
approximately one minute, and the total displacement was fixed to 0.3 m., in order to be consistent with 2 
the movement introduced in the vertical experiment, this movement was marked on the floor of the roof, 3 
and the distance was measured with a measured tape. After 20 minutes of observations with the rover on 4 
that new static position, a new movement on the approximate West-East direction was introduced, with 5 
the characteristics of the displacement being the same: one minute to perform a fixed movement of 0.3 m. 6 
Finally, the test ended with twenty minutes of observations with no movement of the rover station. Figure 7 
10 shows the position of the rover station on the mobile platform, the local coordinate reference frame for 8 
the test and the movements performed.  9 
Figure 11a shows the results of the experiment; however, instead of the N and E components, the 10 
distance from the origin of the local coordinate reference frame is given. It was computed as the square 11 
root of the N and E quadratic components of the solutions with respect to the origin of the local axis. As 12 
seen (and, again, as a measure of the accuracy), after 1 hour of observation, a constant convergence 13 
solution in the range of ±0.07 m for the horizontal component and ±0.10 m for the vertical component 14 
were obtained. The first horizontal movement had a mean observed value of 0.354 m with no vertical 15 
noticeable movement, and the W-E movement had a mean observed value of 0.273 m, also with no 16 
noticeable vertical movement. As mentioned in the previous paragraph, the movements were fixed to 0.30 17 
m, so the results were within the accuracy threshold of the technique, that is, at the level of the accuracy 18 
obtained in the experiments with the IGS permanent stations, and better than the accuracy results obtained 19 
with the pure dynamic environment test (as is expected). Figure 11b shows the standard deviation in the 20 
calculation of the kinematic coordinates for every epoch, where again, after 1 hour of continuous 21 
observations, the N component is under 1 cm, the E component under 2 cm, and the Up component under 22 
4 cm. The average mean of the standard deviation in the calculation of the RT-PPP kinematic coordinates 23 
can be seen in Table 4 (as a measure of precision), where the same results, at millimetre level, were 24 
obtained in comparison with the vertical test. 25 
The same kinematic RT-PPP observations and results from the VALE permanent station, as in 26 
the vertical experiment, were performed during the test. The same two different BNC configurations were 27 
 16 
used again: one using IGS02 mountpoint and the other one using CLK20 mountpoint. The results were 1 
similar to those obtained for the vertical test: Table 5 presents the mean value of the standard deviation in 2 
the calculation of the bias and Table 6 the mean value of the standard deviation in the calculation of the 3 
RT-PPP kinematic coordinates. As can be seen, the standard deviation of the bias is half reduced for 4 
horizontal components and near a 70% in the vertical component. The mean standard deviation in the RT-5 
PPP kinematic coordinates is maintained more or less the same between IGS02 and CLK20 products. 6 
Finally, as in the vertical experiment, the precise short baselines solutions for the rover receiver 7 
from the VALE fixed site were performed. The results were similar to those obtained for the vertical test: 8 
the mean horizontal deviation of this differential solution is under 0.01 meters and for the vertical 9 
component under 0.015 meters, there was no initial convergence time, the bias of the components were 10 
lower than those presented in the RT-PPP results, and the horizontal movement had less noise and was 11 
close to the fixed 0.30 meters movement. 12 
 13 
6. Conclusions  14 
 15 
 16 
This manuscript presents a case study for the analysis of real-time kinematic PPP solution as a 17 
possible tool for deformation monitoring.  18 
Before the simulated deformation test was performed, RT-PPP kinematic experiments were 19 
performed. These experiments were divided into two groups: kinematic processes at the IGS permanent 20 
stations and the analysis of car trajectory (a pure dynamic experiment). The primary conclusion from the 21 
first experiment was that the average for the standard deviation value in the observed bias (considered 22 
here as the difference between the RT-PPP results and the fix coordinate of the station) was 0.07 m in the 23 
N component, 0.08 m in the E component and 0.10 m in the vertical component. These results are 24 
comparable to those obtained in [39, 49-50], and can be treated as the threshold of the RT-PPP kinematic 25 
technique when is used on a static or on small (in time or distance) movement conditions. In the analysis 26 
of the car trajectory, the differences between the final RT-PPP kinematic trajectory and the trajectory 27 
obtained with the differential GNSS post-process were at average level of 0.15 m for the standard 28 
 17 
deviation in horizontal coordinates and 0.25 m for the vertical coordinate. This last result is worse than 1 
the one obtained for the IGS permanent sites, but it is notably useful as a potential improvement for 2 
certain real-time GNSS applications, including Locating Based Services (for example, the determination 3 
of the highway lane in which a car is driving), mobile mapping and updates, agriculture, coast guard and 4 
port authorities, surveying and construction, and others. 5 
Next, the simulated deformation test was performed and divided into two experiments: the first 6 
one considered only vertical movements, and the second one considered only horizontal movements. In 7 
both experiments, the simulated fixed deformation of 0.30 m was observed within the expected accuracy 8 
threshold of the technique (0.07-0.08 m for the horizontal and 0.10 for the vertical components). After a 9 
deeper analysis of the obtained results, it is noticeable that lower movements (at least the half that was 10 
used in the experiments or even close to the expected threshold) will be well observed too; therefore, real-11 
time kinematic PPP is presented as a good possible tool in the near future for deformation monitoring of 12 
both natural and man-made structures with lower cost than that of the usual differential GPS technique. 13 
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FIGURE CAPTIONS 1 
Fig. 1. Location of the ten IGS stations used in the study; coastline file from the NGDC [58]. 2 
Fig. 2a. Bias between the RT-PPP kinematic solution for each epoch and the weekly IGS 3 
coordinates. HERT IGS station. September 25
th
, 2012. 4 
Fig. 2b. Standard deviation in the calculation of the RT-PPP kinematic coordinates. HERT IGS 5 
station. September 25
th
, 2012. 6 
Fig. 3. Car route used for the RT-PPP kinematic trajectory analysis. 7 
Fig. 4a. Bias between the RT-PPP kinematic solution for each epoch and the differential post-8 
process car trajectory. 9 
Fig. 4b. Standard deviation in the calculation of the RT-PPP kinematic coordinates for the car 10 
trajectory. 11 
Fig. 5a. Position of the rover station fixed at a telescopic tripod, and the movements performed 12 
during the vertical test.  13 
Fig. 5b. Zenith view of the rover and VALE stations. 14 
Fig. 6a. RT-PPP Kinematic coordinates variation for the simulated vertical deformation test.  15 
Fig. 6b. Standard deviation in the calculation of the RT-PPP kinematic coordinates for the 16 
simulated vertical deformation test. 17 
Fig. 7. Bias between the RT-PPP kinematic solution for each epoch and the Fix coordinates of the 18 
VALE EUREF permanent station during the vertical test using the IGS02 mountpoint. 19 
Fig. 8. Bias between the RT-PPP kinematic solution for each epoch and the Fix coordinates of the 20 
VALE EUREF permanent station during the vertical test using the CLK20 mountpoint. 21 
Fig. 9. Differences on N, E and up coordinates respect to the center of the local reference frame in 22 
the vertical experiment. Differences based on the kinematic differential post-process of the rover 23 
receiver from VALE permanent site. 24 
 25 
Fig. 10. Position of the rover station on the mobile platform, the local coordinate reference frame 1 
of the test and the horizontal movements performed. 2 
Fig. 11a. RT-PPP Kinematic coordinates variation for the simulated horizontal deformation test.  3 
Fig. 11b. Standard deviation in the calculation of the RT-PPP kinematic coordinates for the 4 
simulated horizontal deformation test. 5 
 6 
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Table 1. Receivers and antennas and their locations in terms of latitude and longitude for the IGS 
permanent sites. 
 
 
Location 
 
Receiver 
 
Antenna 
 
Latitude [º] 
 
Longitude [º] 
ADIS (Ethiopia) JPS LEGACY TRM29659.00 NONE 9º2’6” 38º45’58” 
AZU1 (USA) TRIMBLE NETRS ASH701945B_M SCIS 34º7’33” -117º53’47” 
CONZ (Chile) LEICA 
GRX1200GGPRO 
TPSCR3_GGD -36º50’37” 289º58’28” 
HERT (UK) LEICA 
GRX1200GGPRO 
LEIAT504GG NONE 50º52’02” 0º20’03” 
REYK (Iceland) TPS E_GGD         TPSCR.G3 TPSH                     64º08’19” -21º57’19” 
THTI (Tahiti) TPSCR.G3 TPSH                     ASH701945E_M NONE                     -17º34’36” -149º36’22” 
TOW2 
(Australia) 
LEICA 
GRX1200GGPRO 
AOAD/M_T -19º16’09’’ 147º03’20’’ 
ULAB 
(Mongolia) 
ASH701945E_M    
NONE                     
JAV_RINGANT_G3T 
NONE                     
47º40’12” 107º02’60” 
UNB3 (Canada) JPSREGANT_DD_E                           JPSREGANT_DD_E                           45º57’0” -66º38’30” 
USNO (USA) ASHTECH Z-XII3T AOAD/M_T NONE 38º55’08” -77º03’58” 
 
 
Table 1
Table 2.  Statistical details of the kinematic PPP bias for the IGS permanent stations and average mean of 
the standard deviation in the calculation of the kinematic coordinates. The units are provided in metres.  
 
Average value for: IGS permanent stations 
N E Up 
Mean (bias) 0.017 -0.002 0.032 
STD (bias) 0.072 0.083 0.100 
Average σ (in the calculation of the 
kinematic coordinates) 
0.029 0.026 0.041 
 
 
 
 
 
 
 
Table 2
Table 3.  Statistical details of the kinematic PPP bias for the car experiment and average mean of the 
standard deviation in the calculation of the kinematic coordinates. The units are provided in metres.  
 
Average value for: IGS permanent stations 
N E Up 
Mean (bias) 0.057 0.078 0.095 
STD (bias) 0.164 0.154 0.248 
Average σ (in the calculation of the 
kinematic coordinates) 
0.053 0.089 0.177 
 
 
 
 
 
 
 
 
 
 
Table 3
Table 4.  Average mean of the standard deviation in the calculation of the RT-PPP kinematic coordinates 
for the displacement monitoring test. The units are provided in metres. Results after one hour for 
initialization time. 
 
 N E Up 
Vertical test 0.005 0.015 0.037 
Horizontal test 0.004 0.016 0.039 
 
 
 
 
 
 
 
Table 4
Table 5.  Average mean of the standard deviation of the bias of VALE permanent station during the 
displacement monitoring test. The units are provided in metres. Results after one hour for initialization 
time. 
 
 
Average value 
for STD bias 
IGS02 Product CLK20 Product 
N E Up N E Up 
Vertical test 0.063 0.149 0.146 0.025 0.038 0.041 
Horizontal test 0.054 0.054 0.142 0.022 0.022 0.050 
 
 
 
 
 
 
Table 5
Table 6.  Average mean of the standard deviation in the calculation of the RT-PPP kinematic coordinates 
of VALE permanent station during the displacement monitoring test. The units are provided in metres. 
Results after one hour for initialization time. 
 
Average value 
for STD 
IGS02 Product CLK20 Product 
N E Up N E Up 
Vertical test 0.006 0.016 0.007 0.006 0.011 0.006 
Horizontal test 0.005 0.018 0.007 0.005 0.010 0.006 
 
 
 
 
 
 
Table 6
